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Background-Because the vascular endothelium is exposed to oxidant stress resulting from ischemia/reperfusion and from the products of polymorphonuclear leukocytes or monocytes, studies were performed to examine the effect of hydrogen peroxide (1 mol/L to 10 mmol/L) on endothelial Ca 2ϩ signaling. Methods and Results-At low concentrations (1 to 10 mol/L), hydrogen peroxide did not affect intracellular Ca 2ϩ concentration in subconfluent, indo 1-loaded human aortic endothelial monolayers. At a concentration of 100 mol/L hydrogen peroxide, intracellular free Ca 2ϩ gradually increased from 125.3Ϯ6.8 to 286.3Ϯ19.9 nmol/L over 4.2Ϯ0.9 minutes before repetitive Ca 2ϩ oscillations were observed, consisting of an initial large, transient spike of Ϸ1 mol/L followed by several spikes of decreasing amplitudes at a frequency of 0.7Ϯ0.1 min Ϫ1 over 12.0Ϯ1.1 minutes. After these oscillations, intracellular Ca 2ϩ reached a plateau of 543.4Ϯ64.0 nmol/L, which was maintained above baseline levels for Ͼ5 minutes and then partially reversible on washout of hydrogen peroxide in most monolayers. Intracellular Ca 2ϩ oscillations were typically observed when monolayers were exposed to 100 to 500 mol/L hydrogen peroxide. Higher concentrations of hydrogen peroxide (1 and 10 mmol/L) increased intracellular Ca 2ϩ but only rarely (2 of 6 monolayers at 1 mmol/L) or never (at 10 mmol/L) stimulated intracellular Ca 2ϩ oscillations. Removal of Ca 2ϩ from the buffer either before hydrogen peroxide stimulation or during an established response did not block intracellular Ca 2ϩ oscillations in response to 100 mol/L hydrogen peroxide, but prior depletion of an intracellular Ca 2ϩ store with either caffeine, histamine, or thapsigargin abolished Ca 2ϩ oscillations.
Conclusions-Hydrogen peroxide induces concentration-dependent intracellular Ca
2ϩ oscillations in human endothelial cells, which results from release of an endoplasmic reticulum Ca 2ϩ store. Because oxidant production appears to occur in the micromolar range in the postischemic/anoxic endothelium and is associated with impaired endothelium-dependent relaxation, the effects of micromolar concentrations of hydrogen peroxide on endothelial Ca 2ϩ signaling described in the present study may be important in the pathogenesis of postischemic endothelial dysfunction. (Circulation. 1998;97:268-275.) Key Words: calcium Ⅲ endothelium Ⅲ free radicals T he endothelium in vivo may be exposed to oxidant stress resulting from ischemia and reperfusion or from the products of PMNs or monocytes. The endogenous oxidant hydrogen peroxide (H 2 O 2 ), which is derived from PMNs and monocytes, has been shown to affect endothelium-dependent relaxation, 1 decrease endothelial energy stores, 2,3 induce DNA strand breaks, 3, 4 enhance PMN/endothelial cell adhesion, 5, 6 increase endothelial permeability, 7 and stimulate the release of prostaglandin I 2 from the endothelium. 8 ] i and enhanced permeability also has been established recently. 7 The agonist histamine enhances monolayer permeability 12 and stimulates dose-dependent endothelial [Ca 2ϩ ] i oscillations (at low concentrations of agonist) that merge into sustained [Ca 2ϩ ] i increases (at high concentrations of agonist) to provide a sensitive frequency-modulated control of the functional response to the agonist. 13 We hypothesized that H 2 O 2 similarly may produce [Ca 2ϩ ] i oscillations at lower (submillimolar) concentrations. The present study reports the first observation of oxidant stress-induced [Ca 2ϩ ] i oscillations in vascular endothelial cells.
Methods

Culture of HAECs
HAECs were obtained as proliferating quaternary cultures (Clonetics) and grown to confluence to passages 5 to 9 in endothelial cell growth medium supplemented with 2% fetal bovine serum, 10 g/L human recombinant epidermal growth factor, 1 mg/L hydrocortisone, 50 g/mL gentamicin, 50 ng/mL amphotericin-B, and 12 g/mL bovine brain extract (Clonetics) in a 37°C humidified atmosphere of 95% air/5% CO 2 . To measure [Ca 2ϩ ] i , HAEC were plated at a concentration of Ϸ1ϫ10 5 /mL and grown to Ϸ70% confluence on 25-mm-diameter circular glass coverslips (VWR Scientific) precoated with 2% gelatin solution (Sigma Chemical).
Measurement of Intracellular Free Ca
2؉
Concentration in Response to H 2 O 2
HAEC monolayers on glass coverslips were incubated with culture medium containing 10 mol/L indo 1 (acetoxymethyl ester form; Molecular Probes) in a room temperature, 95% air/5% CO 2 atmosphere for 30 minutes.
14 The coverslips were then gently washed for 30 minutes with indicator-free HBS composed of (in mmol/L) NaCl 137, KCl 4.9, CaCl 2 1.5, MgSO 4 1.2, NaH 2 PO 4 1.2, D-glucose 15, and HEPES 20, pH 7.40, at room temperature to allow deesterification of the indicator. Monolayers were exposed to H 2 O 2 in HBS (made from a 3% stock solution; Sigma) at a flow rate of 1.8 mL/min until a plateau [Ca 2ϩ ] i was achieved (15 to 30 minutes). In some experiments, monolayers were pretreated with TG (Calbiochem), histamine, or caffeine (Sigma) before H 2 O 2 stimulation. Indo 1 fluorescence was recorded a field of two or three connected cells of a subconfluent HAEC monolayer on a coverslip in a perfusion chamber mounted on the stage of a modified Nikon Diaphot inverted epifluorescence microscope. Indo 1 fluorescence was excited at 350Ϯ50 nm using a xenon short arc lamp (UXL-75 XE; Ushio Inc) and bandpass interference filters (Omega Optical) with selected wavelength bands of emitted fluorescence at 405Ϯ10 and 485Ϯ10 nm, corresponding to the Ca 2ϩ -bound and -free forms of the indicator, respectively. Emitted indo 1 fluorescence was collected and measured using a spectrofluorimeter (PTI; Deltascan). Autofluorescence from unloaded HAECs was subtracted automatically from indo 1 fluorescence recordings.
The intracellular minimum and maximum ratios (R min and R max , respectively) were determined as described previously 14 (Fig 1A) . The typical pattern of the changes in [Ca 2ϩ ] i was triphasic and consisted of (1) When HAEC monolayers were exposed to 10 mmol/L caffeine in Ca 2ϩ -free buffer for Ϸ20 minutes (Fig 6A) , there was a gradual, slow, and persistent increase in [Ca 2ϩ ] i of 48.8Ϯ7.9 nmol/L (nϭ5; PϽ.001) that was fully reversible on washout of caffeine and was similar to the effect previously reported in this cell type. 18 After caffeine exposure, 100 mol/L H 2 O 2 stimulated an additional increase in [Ca 2ϩ ] i (Fig 6B) 28 In addition to differences in species or vascular bed of origin between these studies and the present study, prior work examined confluent or postconfluent monolayers as opposed to the subconfluent monolayers examined in the present study. Endothelial cell culture conditions and degree of confluence may influence the appearance of [ ] i oscillations in HAECs both increase with increasing agonist concentration until (at higher concentrations) oscillations appear to "fuse" 13, 17 ( Fig 1C) before a sustained elevation of [Ca 2ϩ ] i is observed. The [Ca 2ϩ ] i oscillations in response to low concentrations of histamine in HUVECs reported by Jacob et al 13 were also observed when HAEC monolayers were exposed to 0.3 mol/L (nϭ4) and 1 mol/L (nϭ5) histamine (data not shown). At high concentrations of both agonists (Ն100 mol/L histamine or Ն10 mmol/L H 2 O 2 ), oscillations were never observed in HAECs (data not shown).
There are differences between the spiking behavior of the histamine-induced [ 40 human umbilical vein, 41 and bovine pulmonary artery 42 endothelial cells in the high-to-low micromolar range and is associated with impaired endothelium-dependent relaxation, 1 the effects of micromolar concentrations of H 2 O 2 on endothelial Ca 2ϩ signaling described in the present study may be important in the pathogenesis of postischemic endothelial dysfunction.
